Cross-sectional imaging of an electrical conductivity distribution inside the human body has been an active research goal in impedance imaging. By injecting current into an electrically conducting object through surface electrodes, we induce current density and voltage distributions. Based on the fact that these are determined by the conductivity distribution as well as the geometry of the object and the adopted electrode configuration, electrical impedance tomography (EIT) reconstructs cross-sectional conductivity images using measured current-voltage data on the surface. Unfortunately, there exist inherent technical difficulties in EIT. First, the relationship between the boundary current-voltage data and the internal conductivity distribution bears a nonlinearity and low sensitivity, and hence the inverse problem of recovering the conductivity distribution is ill posed. Second, it is difficult to obtain accurate information on the boundary geometry and electrode positions in practice, and the inverse problem is sensitive to these modeling errors as well as measurement artifacts and noise. These result in EIT images with a poor spatial resolution. In order to produce high-resolution conductivity images, magnetic resonance electrical impedance tomography (MREIT) has been lately developed. Noting that injection current produces a magnetic as well as electric field inside the imaging object, we can measure the induced internal magnetic flux density data using an MRI scanner. Utilization of the internal magnetic flux density is the key idea of MREIT to overcome the technical difficulties in EIT. Following original ideas on MREIT in early 1990s, there has been a rapid progress in its theory, algorithm and experimental techniques. The technique has now advanced to the stage of human experiments. Though it is still a few steps away from routine clinical use, its potential is high as a new impedance imaging modality providing conductivity images with a spatial resolution of a few millimeters or less. This paper reviews MREIT from the basics to the most recent research outcomes. 
Introduction

Motivation
The electrical conductivity of a biological tissue is determined by its molecular composition, cellular structure, amounts of intra-and extra-cellular fluids, concentration and mobility of ions in those fluids, temperature and other factors (Geddes and Baker 1967 , Gabriel et al 1996a , 1996b , Grimnes and Martinsen 2000 . Conductivity values of tissues and organs change with their physiological and pathological conditions to provide useful diagnostic information. Some biological tissues such as muscle and white matter show anisotropy in their conductivity values especially at low frequency. We will mainly deal with isotropic or equivalent isotropic conductivity in this review. Assuming a low frequency of less than a few kHz, we will ignore effects of permittivity and consider only conductivity.
Noticing the abundance of information related to conductivity, there have been numerous studies to visualize a conductivity distribution inside the human body (Webster 1990 , Holder 2005 . In order to visualize a conductivity distribution inside an imaging object, we should probe it in such a way that we can obtain a measurable physical quantity that provides information on the conductivity. When we inject current into an electrically conducting object through a pair of electrodes, it produces distributions of current density, voltage and magnetic flux density inside the object. Assuming that boundary geometry and electrode configuration are fixed, the induced internal current density distribution is dictated by the conductivity distribution to be imaged. Local change of an internal conductivity value results in a distortion of the current pathway whose effect is conveyed to boundary voltage and internal magnetic flux density.
Electrical impedance tomography (EIT) reconstructs conductivity and permittivity images from measured boundary current-voltage data (Barber and Brown 1984 , Webster 1990 , Metherall et al 1996 , Cheney et al 1999 , Holder 2005 . Surface electrodes, as many as 256 (usually 8 to 32), are attached on or around a body segment in a two-or three-dimensional configuration. Sinusoidal currents with a frequency from almost dc to about 1 MHz are injected through chosen or all electrodes. An EIT system measures induced voltages on chosen or all electrodes, of which amplitudes and phases are determined by internal conductivity and permittivity distributions. This boundary current-voltage data set is used to reconstruct images of conductivity and permittivity distributions. Permittivity effects are often ignored especially at frequencies below 10 kHz.
The relation between the boundary current-voltage data and the internal conductivity and permittivity distributions bears a nonlinearity and low sensitivity, and hence the inverse problem in EIT is ill posed. The measured data are affected by boundary geometry and electrode positions and it is in practice difficult to accurately quantify them. The amount of information in the measured data set is limited by the finite number of electrodes. The data are contaminated by systematic artifacts and numerous kinds of noise. Due to these inherent technical difficulties, reconstructed EIT images suffer from relatively low spatial resolution and accuracy (Holder 2005) . EIT is advantageous when it is enough to visualize changes of conductivity and/or permittivity distributions with respect to time or frequency. Its high temporal resolution and portability will be beneficial in some clinical applications. However, there certainly exists the need for a high-resolution conductivity imaging method.
Key idea and brief history of MREIT
In the early 1990s, magnetic resonance electrical impedance tomography (MREIT) was proposed to deal with technical difficulties of EIT. Three different initial trials (Zhang 1992 , Woo et al 1994 , Birgul and Ider 1995 were independently attempted. Though none of them could produce high-quality conductivity images in actual imaging experiments, these early ideas changed the way we investigate the conductivity imaging problem by suggesting the supplemental use of internal as well as boundary measurements.
Assuming an externally injected current into an electrically conducting object, we denote internal conductivity, voltage, current density and magnetic flux density distributions by σ , u, J = (J x , J y , J z ) and B = (B x , B y , B z ), respectively. The key idea of MREIT was based on a new technique to measure B by using a current-injection MRI technique. Using an MRI scanner with its main magnetic field in the z direction, the technique enables us to obtain B z inside the object in the form of an image. In order to find J using the Ampere law J = ∇ × B/μ 0 where μ 0 is the magnetic permeability of the free space, B x and B y must also be measured and this requires rotating the imaging object twice inside the MRI scanner. This imaging method, named as magnetic resonance current density imaging (MRCDI), was originally proposed to noninvasively image J (Joy et al 1989 , Scott et al 1991 , 1992 , Scott 1993 with its own applications , Eyuboglu et al 1998 , Gamba and Delpy 1998 , Joy et al 1999 , Gamba et al 1999 , Yoon et al 2003 , Joy 2004 .
Some early MREIT methods attempted to reconstruct an image of σ from J (Zhang 1992 , Woo et al 1994 , Eyuboglu et al 2001 , Kwon et al 2002a , 2002b . These methods are, however, difficult to use in practice since rotations of the imaging object are involved. Noting this difficulty, Ider (1995, 1996) and Ider and Birgul (1998) proposed a method to produce an image of σ from only B z without rotating the object. In 2003, Seo et al (2003b) invented a new method to reconstruct an image of σ from measured B z data sets subject to multiple injection currents, that is, at least two data sets. The so-called harmonic B z algorithm has been widely used in subsequent experimental studies. To reach the stage of an in vivo human imaging experiment, there have been numerous innovations in theory, algorithm and experimental technique. Non-biological and biological phantoms were used in validation studies. Postmortem animal imaging has been tried and followed by in vivo animal and human experiments.
Technical progress in MREIT has shown that high-resolution conductivity imaging is possible by probing biological tissues using electrical currents and measuring induced magnetic flux densities using an MRI scanner. Without adding a significant overhead to a conventional MR imaging procedure, it could become a part of an MRI system and provide completely new contrast information.
Structure of the article
Technical development in MREIT requires interdisciplinary research incorporating mathematical theory and analysis of bioelectromagnetism, an MR imaging method including RF coil design and pulse sequence, skill for conductivity imaging experiments of phantom, animal and human subjects, an image reconstruction algorithm and its numerical implementation, data processing techniques of denoising, image segmentation and meshing and others. We will begin with the definition of the MREIT conductivity imaging problem including its forward and inverse problems. Acknowledging the key measurement quantity of the induced internal magnetic flux density, we will explain MR imaging and data processing techniques to obtain its image. We will review several conductivity image reconstruction algorithms. In this review, however, we will not go into details of associated mathematical issues. Having described measurement methods and image reconstruction algorithms, we will summarize results of numerous imaging experiments performed so far using non-biological phantoms, biological phantoms, postmortem animals, in vivo animals and human subjects. Discussing technical issues to be addressed in future work, we will propose research directions of MREIT for possible applications in biomedicine.
Problem definition
Forward problem
We consider an electrically conducting domain in R 3 with its isotropic conductivity distribution σ and boundary ∂ . Denoting two electrodes attached on ∂ as E 1 and E 2 , we inject a low-frequency current I between them. The induced voltage u in satisfies the following boundary value problem with the Neumann boundary condition:
where n is the outward unit normal vector on ∂ , g is a normal component of the current density on ∂ due to I and r is a position vector in R 3 . On the current injection electrode E j for j = 1 or 2, we have E j g ds = ±I where the sign depends on the direction of current, and g is zero on the regions of boundary not contacting with the current injection electrodes. Setting a reference voltage u(r 0 ) = 0 for r 0 ∈ , we can obtain a unique solution u of (1). Knowing the voltage distribution u, the current density J is given by
where E = −∇u is the electric field intensity. We now consider the magnetic field produced by the injection current. The induced magnetic flux density B in can be expressed as
where B is the magnetic flux density due to J in and B X is from currents in lead wires and surfaces of electrodes. From the Biot-Savart law, Lee et al (2003b) investigated the term B X and suggested experimental and also algorithmic ways of minimizing its effects. In this review, we will assume that B = B for simplicity. From the Ampere law, J in (2) can be expressed as
Since we are dealing with the externally injected current with no internal source or sink of the same kind, we have
As for the case of EIT, we need an MREIT forward solver for algorithm development, experimental design and verification. Lee et al (2003b) developed a three-dimensional forward solver computing distributions of voltage u, current density J and magnetic flux density B. Given σ , ∂ and electrode configuration, they used the finite element method to numerically compute u. Computations of J and B can be performed using (2) and (4), respectively. To validate numerical solutions, they suggested to check the compatibility conditions in (6).
Inverse problem
We consider the inverse problem of MREIT in two categories. One uses the data of the three components of B or J for image reconstructions and the other uses B z only. We may call them J-based MREIT and B z -based MREIT, respectively. The most significant difference is related to the data collection process. We should rotate an imaging object inside an MRI scanner in J-based MREIT whereas B z -based MREIT does not require this.
Assuming that B is measured and J is computed using (5), we are provided with measured current density data subject to an injection current. Finding σ from the current density is not as simple as it looks like from (2) since u is a nonlinear function of σ as in (1). Iterative or single-step conductivity image reconstruction algorithms have been developed for J-based MREIT. Experimental work is rare since it requires the process of rotating the imaging object inside the MRI scanner.
We now restrict ourselves to the situation where only one component B z of B is available. Extracting the z-component from (4), we can see that B z is related to σ as
In the B z -based MREIT, we obtain multiple sets of B z data subject to multiple injection currents and reconstruct an image of σ using an iterative or single-step algorithm. Most experimental studies so far have been based on B z -based MREIT since it does not require the object rotation process.
For any MREIT method, we need at least one voltage measurement to adjust an image of σ in its absolute values (Kwon et al 2002b , Ider et al 2003 , Liu et al 2007 , Nachman et al 2007 . Without the voltage measurement, we can produce an image of σ in terms of its contrast only. Image reconstruction algorithms to provide a solution of the inverse problem will be explained in section 4.
Measurement technique
System configuration
An MREIT system comprises an MRI scanner, constant current source and conductivity image reconstruction software. The current source is interfaced to the spectrometer of the MRI scanner for synchronization. We will assume that the scanner has its main magnetic field in the z-direction. Main magnetic field homogeneity and gradient linearity are especially important in MREIT. Conventional RF coils including surface and phased array coils can be adopted as long as there is enough space for electrodes and lead wires. Sensitivity and B1-field uniformity of the RF coil significantly affect the image quality in MREIT. It is always very handy to be equipped with versatile pulse sequencing software. All possible means must be sought to minimize noise and artifacts in collected k space data when we construct an MREIT system. In short, we need a high-performance MRI scanner to be successful in MREIT imaging experiments. Figure 1 (a) shows a typical MREIT current source. Oh et al (2006) describe details of its design including user interface, spectrometer interface and timing control for interleaved current injections. It is controlled by a microprocessor and includes circuits for waveform generation, current output, switching, discharge and auxiliary voltage measurement. The current source is usually located outside the shield room and coaxial cables are mostly used for the connection to surface electrodes on an imaging object placed inside the bore. Carbon cables could be advantageous when a high-field MRI scanner is used. Cables entering the shield room must go through appropriate filters to reject interferences. Near the imaging object inside the shield room, it would be better to place cables parallel to the z-direction.
For electrodes, we may use nonmagnetic conductive materials such as copper, silver, carbon or others. An artifact occurs when a highly conductive electrode is directly attached on the surface of the imaging object since it shields RF signals. Lee et al (2003b) proposed a recessed electrode which has a gap of a moderately conductive gel between the object's surface and a copper electrode ( figure 1(b) ). Recessed electrodes have been widely used in experimental studies described in section 5. Lately, thin and flexible carbon-hydrogel electrodes with conductive adhesive (figure 1(c)) are being used in in vivo animal and human experiments, replacing bulky and rigid recessed electrodes , Kim et al 2008b . Figure 2 shows a typical setup for MREIT imaging experiments. Through a pair of electrodes, current is injected in the form of pulses whose timing is synchronized with an MR pulse sequence. As an example, figure 3 shows a spin echo pulse sequence commonly used in MREIT experiments. Injected current induces a magnetic flux density B and it produces extra phase shifts. Phase accumulation is proportional to the z-component B z of B. As shown in figure 3, we sequentially inject positive and negative currents, I
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+ and I − , respectively, to cancel out any systematic phase artifact of the MRI scanner. The MR spectrometer provides complex k-space data S ± corresponding to I + and I − , respectively:
where M is a conventional MR magnitude image, δ is any systematic phase artifact, γ = 26.75 × 10 7 rad T −1 s −1 is the gyromagnetic ratio of hydrogen and T c the current pulse width in seconds. Haacke et al (1999) and Bernstein et al (2004) explain numerous MR imaging parameters affecting M and δ.
Taking two-dimensional discrete Fourier transformations, we obtain the following complex images:
We can get the incremental phase change, (x, y), as
where we assume that the operator arg(·) includes any necessary phase unwrapping (Ghiglia and Pritt 1998) . Note that by using I + and I − , we reject the systematic phase artifact term δ and double the phase change. Once we obtain , we compute B z as
Collecting k-space data, we reconstruct multi-slice MR magnitude and phase images. Magnitude images allow us to obtain boundary geometry and electrode positions. Phase images provide B z data. Noise in measured B z data is the primary limiting factor in determining the spatial resolution of a reconstructed conductivity image. Scott et al (1992) and Sadleir et al (2005) showed that the noise standard deviation, s B z , in measured B z data is inversely proportional to the signal-to-noise ratio (SNR) of the magnitude image, ϒ M , and the total current injection time, T c :
In MREIT, the raw data are the incremental phase change in (11). This phase change is proportional to the product of B z and T c . Since B z is directly proportional to I, we must optimize the MREIT pulse sequence to maximize the product of I and T c in figure 3 . In human imaging experiments, permissible pairs of (I, T c ) must be sought carefully considering their physiological effects (Reilly 1998) .
The spin echo pulse sequence in figure 3 has been widely used in MREIT since it is most robust to many kinds of undesirable perturbations to the phase image. As expressed in (13), a prolonged current pulse width (i.e., larger T c ) reduces the noise level in measured B z data. Park et al (2006) proposed a new MREIT pulse sequence called injection current nonlinear encoding (ICNE) where the duration of the injection current pulse is extended until the end of the reading gradient. Since the current injection during the reading gradient disturbs the gradient linearity, they developed an algorithm to extract B z data from the acquired MR signal using the ICNE pulse sequence. They could reduce the noise level by about 25%. For a chosen pulse sequence, Lee et al (2006b) and analyzed the associated noise level and provided a way to optimize the pulse sequence to minimize it.
Though we deal with low-frequency injection currents in this review, we note that there are other methods where B is measured at radio frequency (Larmor frequency) or variable frequency. These methods have been mainly used to produce current density images at those frequencies (Scott 1993 , Carter 1995 , Gerkis 1996 , Yan 1997 , Weinroth 1998 , Mikac et al 2001 . These high frequency methods may be utilized in future MREIT studies as mentioned in section 7.
Pre-processing
After collecting multiple sets of k-space data in (9), we perform several data processing tasks. First, we compute the discrete inverse Fourier transformation to get the complex MR image in (10). Though this step is straightforward, the second step of computing the incremental phase change in (11) needs a careful numerical implementation of a phase unwrapping algorithm. Special care must be given to regions near current-injection electrodes where phase changes are very rapid. Ghiglia and Pritt (1998) explain details of numerous phase unwrapping algorithms and one may find a suitable algorithm for obtained MR signals.
There exist numerous sources of phase artifacts in an MRI system (Haacke et al 1999 , Bernstein et al 2004 and current injection may introduce additional phase artifacts. Since MREIT relies on an MR phase image in (11), phase artifacts must be minimized to improve the quality of a reconstructed conductivity image. Lee et al (2006b) developed a method to correct unavoidable phase errors and showed that the zeroth and first order phase errors can be effectively minimized by using their phase artifact removal algorithm. This kind of phase error correction can be adopted as the third step.
There are internal regions where the MR signal is weak due to a low proton density there. This MR signal void phenomenon usually occurs in lungs, outer layers of bones and gas-filled organs. Inside such a region, M ≈ 0 in (10). Since this causes M ± ≈ 0, the measured B z data in (12) contain excessive amount of noise even though the B z signal itself may not be small there. Lee et al (2006d) named it as the defective B z data since it may result in a wrong conductivity image. They proposed an inpainting method to recover B z data in defective regions based on physical properties and neighboring information of B z . This B z data inpainting should be included in conductivity imaging of animal or human subjects as the fourth step.
Obtained images of magnetic flux density B z include the core information about the conductivity contrast as expressed in (8). These images also contain noise from the imaging object itself and the MRI system (Haacke et al 1999 , Bernstein et al 2004 . Denoising can be attempted as the fifth step with caution not to distort the signal component. Lee et al (2005) suggested a PDE-based denoising technique for MREIT. Observing the physical characteristics of the B z signal in relation to the conductivity contrast, they adopted a harmonic decomposition method to separate noise from the signal component. We may apply other denoising techniques as long as they preserve B z signal components.
Some conductivity image reconstruction algorithms need a three-dimensional finite element model of the imaging object. We can utilize multi-slice MR magnitude images M in (10) for this task. Boundary extraction from multi-slice MR magnitude images is relatively easy since image values are nearly zero outside the object. Lee et al (2006d) used a two-dimensional geodesic active contour method and other methods can also be tried. After constructing the model, we may numerically solve (1) assuming a homogeneous conductivity distribution if such a solution is needed in the subsequent conductivity image reconstruction stage.
Though we have mentioned these six pre-processing steps including the finite element modeling, it is not necessary to apply all of them all the time. Depending on the quality of the raw data and the adopted conductivity image reconstruction method, we should choose desirable pre-processing methods.
Image reconstruction algorithm
Obtaining induced magnetic flux density data subject to single or multiple injection currents, we are ready to perform a conductivity image reconstruction. We describe conductivity image reconstruction algorithms in two categories of J-based and B z -based MREIT methods. Since Woo et al (2005) summarized some of early methods, we will focus on recent progress in this review.
J-based MREIT algorithm
Two of three initiatives in MREIT can be classified as the J-based method (Zhang 1992 , Woo et al 1994 . Since there has been little experimental work related to these methods, we consider the J -substitution algorithm (Kwon et al 2002b) and some of other J-based methods in this section.
J -substitution algorithm.
Let us assume that J inside the imaging object is available via measurements of B. The J -substitution algorithm is based on the following Ohm's law:
where the voltage u is the solution of (1). We note that u is a nonlinear function of σ which is unknown. To find σ from the data of J, we take an initial guess σ k with k = 0 of the true conductivity distribution σ . Numerically solving (1) with σ k in place of σ , we get u k . We update σ k by
until a certain stopping criterion is satisfied. In order to recover σ , Kwon et al (2002b) pointed out that at least two data sets of J 1 and J 2 must be used by injecting two currents of I 1 and I 2 , respectively. This was followed by numerous investigations on the MREIT theory and algorithm. Theoretical progress in terms of the uniqueness and convergence deepened the understanding of the MREIT imaging problem (Kim et al 2002 , Ider et al 2003 . Their mathematical analysis suggested that we should use at least two linearly independent injection currents and one boundary voltage measurement for the uniqueness of a reconstructed conductivity image.
Other J-based algorithms.
Other J-based MREIT algorithms include the current constrained voltage scaled reconstruction (CCVSR) algorithm (Birgul et al 2003a) and equipotential line methods (Kwon et al 2002a , Ider et al 2003 , Ozdemir et al 2004 . A non-iterative equipotential line method called the curl-J algorithm was also suggested by Lee (2004) . Lately Nachman et al (2007) proposed a different non-iterative algorithm using one boundary voltage and one internal distribution of |J|.
All of the methods belonging to J-based MREIT currently have some difficulty in imaging experiments primarily due to the requirement of at least two orthogonal orientations of the imaging object inside an MR scanner. These methods may find useful applications in biology, chemistry and material science and help us enhance our understanding of the MREIT problem. Some of the ideas in J-based MREIT are utilized in B z -based MREIT as described in section 4.2.5.
B z -based MREIT algorithm
The process of rotating the imaging object imposed technical difficulties of pixel misalignments, movement of internal organs and distortion of boundary geometry in addition to the simple fact that there is no room to rotate a large object inside the MRI scanner. For these reasons, J-based MREIT has not been widely adopted yet. In order to avoid rotating the imaging object inside the MRI scanner, a new algorithm was needed to produce conductivity images using only B z instead of B.
Sensitivity-based algorithms.
One of three initiatives in MREIT can be classified as the B z -based method Ider 1995, 1996) . Using a sensitivity matrix S derived from (8), they linearized the relationship between B z and σ as follows:
where B z is the difference in B z from the imaging object with homogeneous and perturbed conductivity distributions, σ 0 and σ 0 + σ , respectively. The singular value decomposition was adopted to invert the sensitivity matrix and reconstruct a conductivity image. Ider and Birgul (1998) produced conductivity images of a phantom using the sensitivity matrix method. Birgul et al (2003b) elaborated the method and presented experimental results using a twodimensional saline phantom with 20 electrodes. Two sets of B z images subject to two injection currents and 30 boundary voltage measurements were utilized to produce conductivity images of insulator and sponges inside the phantom. Muftulet et al (2004) and Birgul et al (2006) studied the sensitivity-based method in terms of image resolution and contrast. Hamamura et al (2006) demonstrated that this sensitivitybased method can image time changes of ion diffusion in agarose using the pulse sequence proposed by Mikac et al (2001) . Muftulet et al (2006) performed animal experiments of rats and imaged tumors using an iterative version of the sensitivity-based method. They showed that conductivity values of tumor areas are increased in reconstructed conductivity images. 
Harmonic
where u 1 and u 2 are voltages satisfying (1) subject to I 1 and I 2 , respectively. Solving (17) for Oh et al (2003b) developed a layer potential technique to compute σ from ∇ xy σ .
The harmonic B z algorithm simplified the experimental method and accelerated experimental MREIT studies. In turn, experimental outcomes deepened our understanding of the imaging problem. Getting meaningful feedback from numerous experimental studies described in section 5, the algorithm became the core technique of B z -based MREIT.
On the theoretical side, Kwon et al (2006) formulated a mathematical framework for B z -based MREIT and showed a uniqueness of a reconstructed conductivity image using two orthogonal injection currents and one boundary voltage measurement. The stability and convergence of the harmonic B z algorithm was studied by Liu et al (2007) . We skip details of these theoretical issues but note that there still are open problems in this area.
The harmonic B z algorithm is based on the core relation of ∇ xy σ with ∇ 2 B z expressed in (17). It clearly indicates that the noise level in measured B z data is the primary factor determining the quality of a reconstructed conductivity image. The relation is given for each pixel and each row of the matrix in the left side of (17) dictates the direction of a local current flow subject to a given injection current. To be able to solve (17) for ∇ xy σ , two current densities must not be parallel or anti-parallel almost everywhere inside the imaging object. If desirable, we may inject more than two currents and utilize all of the corresponding B z data by increasing the size of equation (17).
We should note that u 1 and u 2 in (17) are nonlinear functions of σ as expressed in (1). Numerical solutions of (1) require a three-dimensional geometrical model of the imaging object or a significant part of it and a given conductivity distribution. Though we can construct the model using multi-slice MR magnitude images, the conductivity distribution is unknown. This indicates that the harmonic B z algorithm requires an iterative procedure. To begin with the harmonic B z iteration, we should use an initially guessed conductivity distribution inside the model. A homogeneous conductivity distribution is usually adopted. During subsequent iterations, we may recompute the matrix in the left side of (17) using the updated conductivity distribution.
The harmonic B z algorithm includes four critical steps in its implementation. The first step is the numerical computation of the Laplacian of B z in three dimensions, that is, ∇ 2 B z . Since this tends to amplify the noise in measured B z data, a careful numerical implementation is needed.
The second step is the computation of the matrix in the left side of (17) that requires numerical solutions of (1) for two or more independent injection currents used in the experiment. We need a performance-proven numerical forward solver for this step and the finite element method is usually adopted (Polydorides and Lionheart 2002, Lee et al 2003b) . Three-dimensional mesh generation of the imaging object requires extraction of outermost boundaries from multi-slice MR magnitude images (Lee et al 2006d) .
The third step is the inversion of (17) to get ∇ xy σ from ∇ 2 B z,1 and ∇ 2 B z,2 . If two injection currents produce (almost) parallel current densities, the matrix in the left side of (17) becomes a (nearly) singular matrix. This happens along the outermost boundary of the imaging object and also may happen in an internal local region where its conductivity contrast changes abruptly to a large value. A regularization method can be used as suggested by . Lately, this problem was rigorously analyzed by Liu et al (2007) , and Seo et al (2008) developed an improved algorithm summarized in section 4.2.4.
The fourth step is the computation of σ from ∇ xy σ . Seo et al (2003b) used a line integral in their first implementation of the harmonic B z algorithm and pointed out that accumulated noise along the integral path significantly deteriorates the image quality. They developed a novel method based on the layer potential theory in their second paper on the harmonic B z algorithm . This new way of computing σ from ∇ xy σ resulted in attenuation of noise that was previously amplified by the computation of ∇ 2 B z in the first step.
Variations of harmonic B z algorithm.
The harmonic B z algorithm includes a numerical computation of ∇ 2 B z which tends to amplify noise in measured B z data. To improve the noise tolerance of the algorithm, Park et al (2004a) developed the gradient B z decomposition algorithm where a single derivative of B z is used. To achieve the same goal, Park et al (2004b) and proposed the variational B z algorithm. Compared with the harmonic B z algorithm, these methods require more computational tasks. Comparative studies showed that the harmonic B z algorithm is as good as the others in most cases if it is implemented in a proper way. The algebraic reconstruction method by Ider and Onart (2004) may also be considered as a variation of the harmonic B z algorithm. They discussed numerous issues including uniqueness considerations, region-of-interest reconstructions and noise effects.
Local harmonic B z algorithm.
The performance of the harmonic B z algorithm is degraded when the imaging object contains regions of high conductivity contrast with respect to their surroundings. Examples include the outermost layer of the imaging object itself, outer layers of bones, lungs and gas-filled organs. This stems from the fact that nearly parallel current densities are formed around these regions for all multiple injection currents and the matrix in the left side of (17) becomes nearly singular. To overcome this difficulty, Seo et al (2008) carefully analyzed the structure of a current density distribution near such a problematic region and proposed a new technique, called the local harmonic B z algorithm. They first reconstructed conductivity values in local regions with a low conductivity contrast, separated from those problematic regions. Then, the method of characteristics is employed to find conductivity values in the problematic regions. One of the most interesting observations of the new algorithm is that it can provide a scaled conductivity image in a local region without knowing conductivity values outside the region. This new method is expected to be very useful in practice. Seo et al (2003a) computed J using B z data only and applied the J -substitution algorithm to reconstruct a conductivity image. They found that this method produces a large error when the true internal current density has a significant z-directional component. Park et al (2007) investigated the component of the current density J that can be recovered from B z data only. They decomposed this component and called it a projected current density. When the internal current flow is approximately confined within the xy-plane, we may apply the J -substitution algorithm or its variations to the projected current density data to produce a conductivity image (Nam et al 2007) .
Projected current density algorithm.
Other B z -based algorithms.
Assuming that B z data subject to an injection current into the head are available, Gao et al (2005) developed a method to determine conductivity values of the brain, skull and scalp layers using the radial basis function and simplex method. Since this method is based on a three-layer head model, it may not be considered as an image reconstruction algorithm. This kind of parametric approach may find useful applications in EEG/MEG source imaging problems as suggested by Gao et al (2005) . Gao et al (2006) also suggested the so-called RSM-MREIT algorithm where the total error between measured and calculated magnetic flux densities is minimized as a function of a model conductivity distribution by using the response surface methodology algorithm.
Imaging experiment
Non-biological phantom imaging
Khang et al (2002) produced a very crude image of a cubic saline phantom using the Jsubstitution algorithm. They measured all three components of B by rotating the phantom inside the bore of a 0.3 T MRI scanner. Reconstructed current density and conductivity images showed numerous artifacts and noise effects. Lee et al (2003a) and Oh et al (2003a) tried a conductivity image reconstruction of a similar cubic saline phantom including a cylindrical piece of sausage shown in figure 4(a) . Rotating the phantom twice in the bore of a 0.3 T MRI scanner, they measured B 1 = (B x,1 , B y,1 , B z,1 ) and B 2 subject to two orthogonal current injections, I 1 and I 2 , respectively. Computing corresponding current densities of J 1 and J 2 , they used the J -substitution algorithm to reconstruct a cross-sectional image of the resistivity distribution inside the phantom. Compared with the MR magnitude image in figure 4(b) , the reconstructed resistivity image in (c) well distinguished the sausage object but suffered from measurement noise and also numerous sources of errors involved in the rotation process. In figure 4 (b), we can observe the RF shielding artifacts discussed in section 3.1. This observation led to the invention of recessed electrodes in later experimental MREIT studies. Oh et al (2003b) conducted an experimental study using the B z -based MREIT method. They used a 0.3 T MRI scanner and an acrylic phantom equipped with four recessed electrodes. The phantom was filled with saline and included two polyacrylamide objects as shown in figures 5(a)-(d). Reconstructed multi-slice conductivity images in figures 5(e)-(i) demonstrated the ability of the harmonic B z algorithm to produce images of a threedimensional conductivity distribution. Due to the large amount of noise from the 0.3 T MRI scanner and weak B z signal around four corners of the phantom, they had to use a high degree of regularization in solving (17). This resulted in smoothed pixel values around the peripheral regions.
In order to improve the image quality, Oh et al (2004) used a 3 T MRI scanner. They constructed a resolution phantom shown in figures 6(a) and (b) using two wedge-shaped sponges and cotton threads. Inside a saline solution, they exhibited unknown conductivity values that produced an inhomogeneous three-dimensional conductivity distribution. By using the harmonic B z algorithm, they could reconstruct multi-slice conductivity images in figures 6(d)-(g). Lee et al (2006a) proposed the B z -based MREIT method to image the breast. They constructed a three-dimensional breast phantom in figure 7(a) including three spherical anomalies with different conductivity values. Compared with the MR magnitude image Figure 6 . Resolution phantom experiment using a 3 T MRI scanner (Oh et al 2004) . (a) A top and (b) side view of the phantom. (d)-(g) are reconstructed multi-slice conductivity images using the harmonic B z algorithm. The background region of σ 1 was filled with saline. Two regions of σ 2 and σ 3 were formed by using two wedge-shaped sponges with different densities. The six dots were cotton threads with diameters of 4 mm (left), 3 mm (middle) and 2 mm (right). Four recessed electrodes were attached on the middle of the phantom to inject currents.
of the breast phantom in figure 7(b) , the reconstructed conductivity image in (c) clearly distinguished two anomalies that had higher and lower conductivity values compared with that of the background. The anomaly at the middle had a similar conductivity to the background. Two different images in figures 7(b) and (c) of the same imaging object demonstrate that MREIT provides new contrast information not available from a conventional MRI technique.
Biological phantom imaging
After numerous non-biological phantom imaging experiments, Oh et al (2005) performed B z -based MREIT experiments of biological tissue phantoms. They built phantoms containing chunks of meat as shown in figure 8(a) . Compared with the MR magnitude image in figure 8(b) , the reconstructed conductivity image in (c) showed an excellent structural information as well as the conductivity information. They measured conductivity values of the meat beforehand and found that pixel values in the reconstructed conductivity image were close to the measured values. As shown in figure 8(b) , an air bubble was formed inside the phantom. The MR signal void in the air bubble caused the measured B z data to be very noisy there. From figure 8(c), we can observe that the reconstructed conductivity image shows spurious spikes inside the region of the air bubble. Since this kind of technical problem can occur in a living body, the inpainting method described in section 3.3 was proposed (Lee et al 2006d) . Sadleir et al (2006) tried the B z -based MREIT using an 11 T MRI scanner. At such a high field strength, they expected a reduced noise level and cleaner conductivity image. Experimental results indicated that they had to reduce the field of view due to technical problems of field inhomogeneity and standing wave effects at such a high field strength. Figures 9(a) and (b) are MR magnitude and reconstructed conductivity images of a small tissue phantom including chunks of turkey and pork. They appear as one piece in figure 9(a) but the conductivity image in (b) distinguishes two different tissues in a better way. They built another tissue phantom that included a lower part of a rat. The MR magnitude image in figure 9(c) shows fine details of the internal structure. Figure 9 (d) shows a reconstructed conductivity image of the biological object in situ. goals were to produce high-resolution conductivity images of white and gray matter in situ and to enhance experimental techniques to undertake in vivo animal imaging studies to be followed. They restricted conductivity image reconstructions only within the brain region to avoid technical difficulties related to the skull. Since the harmonic B z algorithm cannot handle the tissue anisotropy, they introduced the concept of the equivalent isotropic conductivity to interpret the reconstructed conductivity images. Reconstructed conductivity images with a pixel size of 1.4 × 1.4 mm 2 showed a clear conductivity contrast between gray and white matter. Figure 10 shows reconstructed conductivity images of the intact animal.
Postmortem animal imaging
Lately, Jeong et al (2008) proposed a thin and flexible carbon-hydrogel electrode shown in figure 1(c) to replace the bulky and rigid recessed electrode. They found that the new electrode produces a negligible amount of artifacts in MR and conductivity images and significantly simplifies the experimental procedure. The electrode can be fabricated in different shapes and sizes. Adding a layer of conductive adhesive, one can easily attach the electrode on an irregular surface with an excellent contact. Using a pair of carbon-hydrogel electrodes with a large contact area, the amplitude of an injection current can be increased primarily due to a reduced average current density underneath the electrodes. Minhas et al (2008) evaluated the performance of the new electrode by conducting MREIT imaging experiments of five postmortem swine legs. Reconstructed equivalent isotropic conductivity images of a swine leg in figure 11 show a good contrast among different muscles and bones. From the reconstructed images, we can observe spurious spikes in the outer layers of bones primarily due to the MR signal void there.
In vivo animal imaging
Kim et al (2008a) described an in vivo animal imaging experiment using a 3 T MRI scanner. They injected 5 mA currents into the head of an anesthetized dog. They imaged the canine brain before and after sacrificing it. Figure 12 compares in vivo and postmortem conductivity images of a canine brain. Though the in vivo conductivity image is noisier than the postmortem image primarily due to the reduced amplitude of injection currents, the in vivo image clearly shows a contrast among white matter, gray matter and other brain tissues. They also conducted in vivo imaging experiments of canine brains without and with a regional brain ischemia. As shown in figure 13 , the ischemia produced noticeable conductivity changes in reconstructed images. Following the in vivo imaging experiment of the canine brain by Kim et al (2008a) , numerous in vivo animal imaging experiments are being conducted for imaging regions of extremities, upper and lower abdomen, pelvis, neck, thorax and head. Animal models of various diseases are also being tried. Accumulated results of these in vivo animal imaging experiments will guide us to properly design in vivo human imaging experiments.
In vivo human imaging
For an in vivo human imaging experiment, Kim et al (2008b) chose the lower extremity as the imaging region. After a review of the institutional review board, they performed an MREIT experiment of a human subject using a 3 T MRI scanner. They adopted thin and flexible carbon-hydrogel electrodes with conductive adhesive for current injections . Due to their large surface area and good contact with the skin, they could inject pulse-type currents with an amplitude of as much as 10 mA into the lower extremity without producing a painful sensation. Sequential injection of two currents in orthogonal directions was used to produce cross-sectional equivalent isotropic conductivity images in figure 14 . The conductivity images well distinguished different parts of muscles and bones. The outermost
Slice #2 Slice #3 Slice #4 Slice #5 Figure 11 . Postmortem animal imaging of a swine leg using a 3 T MRI scanner . Top, middle and bottom rows are multi-slice MR magnitude images, equivalent isotropic conductivity images and color-coded conductivity images, respectively. fatty layer was also clearly shown in each conductivity image. We could observe excessive noise in the outer layers of two bones due to the MR signal void phenomenon there. Further human imaging experiments are planned and being conducted to produce high-resolution conductivity images from different parts of the human body.
Possible applications
Conductivity information of intact biological tissues or organs will find important contributions in numerous modeling studies, electromagnetic stimulations and bio-electromagnetic source imaging. We should note that it is possible to produce a current density image for any electrode configuration once the conductivity distribution is obtained. Providing new contrast information on conductivity, we may find clinical applications of MREIT in imaging studies of ischemia, tumor, hemorrhage, inflammation and others. The capability to image a small conductivity contrast may find an application in the neuroimaging area since neural activities produce a local change of conductivity. Overcoming the SNR problem, the functional MREIT imaging of the brain could be a potential application with a high impact in neuroscience. As a research tool, high-resolution conductivity imaging may find applications in biology, chemistry and material science. Electrically conducting objects such as plants, cell cultures, fuel cells, conductive polymers, gels, electrolytes and others can be imaged for their internal conductivity distributions using the MREIT technique as long as they contain protons to produce MR signals. Using a high-field MRI scanner with a small bore, we may also advance the technique for microscopic conductivity imaging. 
Technical issues and future directions
For a given MRI scanner, RF coils and current source, the quality of a reconstructed conductivity image is mainly proportional to the product of the amplitude and duration of injection current. As described in Reilly (1998) , this product must be limited to a certain value for the electrical safety of a human subject. The IEC 60601-1 (2005) defines the patient Figure 14 . In vivo MREIT imaging experiment of a human leg using a 3 T MRI scanner (Kim et al 2008b) . Multi-slice MR magnitude images and reconstructed equivalent isotropic conductivity images of a human leg are shown in the top and bottom rows, respectively.
auxiliary current as the current flowing in the patient in normal use of medical electrical equipment between any patient connection and all other patient connections. The patient auxiliary current is not intended to produce a physiological effect and is limited to 10 μA rms for frequencies below 1 kHz. The IEC 60601-2-10 (2001) defines the therapeutic current as a functional current that is neither a patient auxiliary current nor a patient leakage current. It also defines the diagnostic current for dentistry and ophthalmology. Limits for the therapeutic and diagnostic currents are significantly different from that of the patient auxiliary current. For example, the diagnostic current for dentistry and ophthalmology is limited to 10 mA rms at dc with a load resistance of 2 k (IEC 60601-2-10 2001). We may define an imaging current as the current used for conductivity or permittivity imaging. Rather than considering the imaging current as the patient auxiliary current defined in the IEC 60601-1, we may as well establish separate limits of the imaging current for various impedance imaging techniques. For intermittent injections of imaging current pulses used in MREIT, we speculate that the limit could be determined differently from the one defined in the IEC 60601-1 (2005).
For in vivo human imaging experiments, determined the width of an injection current pulse based on a chosen echo time. They gradually increased its amplitude to find thresholds of perception and tolerable pain for each subject. The current amplitude during a subsequent imaging experiment was determined as 90% of the pain threshold. They could inject as much as 10 mA into lower extremities of some subjects using carbon-hydrogel electrodes with a large surface area. This procedure is too primitive to be a proposal to determine the limit of the imaging current. Carefully designed experimental protocols must be devised considering numerous parameters. Animal and human experiments should be performed to accumulate enough knowledge to determine current limits for various parts of the human body.
The quality of a conductivity image also depends on many other MR imaging parameters. We must consider the effects of main magnetic field inhomogeneity, gradient linearity and chemical shift on the conductivity image reconstruction. Regarding the current injection apparatus, we should secure its amplitude stability and reduce its electronic noise, interference and timing jitters. The number, position and size of electrodes must also be optimized since they influence the induced magnetic flux density signal. We may significantly improve the image SNR by using phase array coils. There also exist efficient imaging sequences in terms of SNR to reduce the scan time. Fast imaging sequences using multiple receiver coil arrays or the steady state free precession (SSFP) may be used in future studies (Sodickson and Manning 1997, Pruessmann et al 1999) . Specialized pulse sequences for MREIT must be devised to reduce the noise level and minimize artifacts (Park et al 2006 , Hamamura and Muftuler 2008 . We also expect new denoising algorithms that can effectively reduce noise while preserving edges and slopes of the B z signal.
Internal regions such as bones, lungs and gas-filled organs cause some difficulties. First, the SNR could be low there due to the MR signal void phenomenon. Second, two orthogonal injection currents may produce internal current densities that are almost parallel near boundaries of those internal regions since there exists a high conductivity contrast. Though the local harmonic B z algorithm was proposed by Seo et al (2008) to deal with these problematic regions, further study is required in its efficient numerical implementation.
Some biological tissues including muscle and white matter are known to be anisotropic in their conductivity values (Geddes and Baker 1967 , Gabriel et al 1996a , 1996b , Grimnes and Martinsen 2000 . Seo et al (2004) and Pyo et al (2005) investigated conductivity tensor and current density image reconstruction problems, respectively, in an electrically conducting object with an anisotropic conductivity distribution. Their methods, however, have not been validated from experimental studies yet primarily due to the practical difficulty in fabricating a phantom with a known anisotropic conductivity distribution. New materials with predetermined anisotropic conductivity values will accelerate the MREIT research to devise a way to properly handle the tissue anisotropy.
Almost all MREIT studies so far have used pulse-type injection currents whose width is primarily limited by a chosen echo time. Their fundamental frequency is usually lower than a few hundred Hz. As described in Reilly (1998) , we may increase the injection current amplitude as we decrease its pulse width. Further investigation is needed for the development of a new MREIT pulse sequence that includes injection current pulses with a variable frequency up to a few kHz. We may also consider an MREIT method at the Larmor frequency. We may adopt RF current density imaging methods (Scott 1993 , Carter 1995 , Gerkis 1996 , Yan 1997 , Weinroth 1998 , Mikac et al 2001 to produce conductivity and permittivity images at the Larmor frequency.
Lately, Katscher et al (2006a Katscher et al ( , 2006b ) proposed a new method of imaging both conductivity and permittivity at the Larmor frequency. It was called electrical properties tomography (EPT) and utilizes the spatial sensitivity distributions of the applied RF coils. Since it does not require current injection, its applicability in medical applications will be higher if successful. Though its feasibility has not been shown yet, we expect more studies in terms of theory, algorithm and experimental method of EPT. For both MREIT and EPT at the Larmor frequency, we should investigate their usefulness in biomedical applications since there is little study about the diagnostic information of conductivity and permittivity at the Larmor frequency.
Conclusion
MREIT provides conductivity images of an electrically conducting object with a high spatial resolution. It achieves this at the expense of using an MRI scanner as a tool to measure internal magnetic flux density distributions subject to externally injected imaging currents. The potential of the MREIT technique as a new clinically useful bio-imaging modality has been shown by numerous imaging experiments. Demonstrating its capability to distinguish different types of biological tissues, future studies should overcome a few technical barriers to advance the method to the stage of routine clinical use. The biggest hurdle at present is the amount of injection current that may stimulate muscle and nerve. Reducing it down to a level that does not produce undesirable side effects is the key to the success of this new bio-imaging modality. The future study of MREIT must be focused on reducing the amount of injection current to a level that a human subject can tolerate.
